Management of the third stage of labor includes clamping of the umbilical cord after delivery of the infant, use of uterotonic medications (e.g., Pitocin) and controlled traction applied to the umbilical cord, and possibly uterine massage. This review will focus on the first step in the process, that is, cord clamping.
Management of the third stage of labor includes clamping of the umbilical cord after delivery of the infant, use of uterotonic medications (e.g., Pitocin) and controlled traction applied to the umbilical cord, and possibly uterine massage. This review will focus on the first step in the process, that is, cord clamping.
It is often useful to be familiar with the historical practice of medicine as it can influence decisions and evaluation of our current practice. Dr. A.C. Beck wrote in 1941, "Often the cord is clamped at once…this practice is reprehensible since it deprives the immature infant of considerable blood, which it otherwise might take up from the placental circulation… Blood in the umbilical cord should be stripped toward the fetus before the umbilical cord is ligated."
1 The practice of immediate cord clamping after delivery of the newborn infant has recently been challenged by the American College of Obstetrics and Gynecology. The Committee on obstetric practice stated that the evidence now supports the routine delay in cord clamping for at least 30 to 60 seconds for all vigorous term and preterm neonates. 2 In addition, the seventh edition of the Textbook on Neonatal Resuscitation now recommends this practice.
3
The purpose of this review is to present the evidence in support of delayed clamping of the umbilical cord. First, we will discuss the effects of delayed cord clamping or cord milking on the transitional physiology of neonates. Then, we will review the effects of delayed cord clamping on neonatal outcomes.
Delayed Cord Clamping and Transitional Physiology
One needs to understand the physiology of cardiovascular and respiratory transition as a foundation for understanding the role of placental transfusion that results from delayed cord clamping. There are several aspects of transitional physiology to be considered including effects of lung expansion, changes in the distribution of cardiac output, and blood volume shifts that could benefit from placental transfusion and the possible benefits of the transfusion of stem cells into the newborn.
The fetal circulation allows for only 7 to 8% of cardiac output into the lungs. 4, 5 Over 90% of cardiac output supplies the systemic circulation, of which 35% comes from left ventricular output and the remainder through the fetal shunt supplied by the patent ductus arteriosus (PDA) 6 as shown in ►Fig. 1A. Since the placenta is the organ of gas exchange, the fetal lungs do not require much blood flow in utero. Preload to the left ventricle (LV) of the fetus is provided by the flow of blood from the umbilical vein through the foramen ovale into the left atrium 7 (►Fig. 1A).
At birth, there is a significant increase in the blood flow to the lungs as they assume the responsibility for gas exchange with a rapid decrease in pulmonary vascular resistance related to many factors such as aeration, oxygenation, prostaglandin E, and stimulation of vagal fibers in response to interstitial fluid. 6, [8] [9] [10] Right ventricular output to the pulmonary circulation increases from 8 to 45% immediately after birth, which further increases to 100% of cardiac output in the adult circulation after fetal shunts have closed. This increased blood volume comes from the systemic circulation if there is a disruption of flow from the placenta when the umbilical cord is clamped immediately at birth. The potential for development of systemic hypoperfusion can lead to hypotension as shown in ►Fig. 1B.
Animal Studies
Recent work in the laboratory has documented the effect of these blood flow changes at birth. Immediately after birth, the lungs become aerated resulting in a large increase in pulmonary blood flow. 7, 11, 12 Both ventilation and oxygenation lead to a decrease in pulmonary vascular resistance and increased pulmonary blood flow after birth. 12 The left-toright flow through the PDA that occurs within minutes after Fig. 1 (A) Fetal circulation is shown in the model depicting the fetal shunts that supply systemic circulation. As only 7 to 8% of cardiac output goes to the pulmonary circulation, most of the RV output passes through the PDA to supply systemic blood flow. (B) Disruption in the umbilical venous flow that occurs with immediate cord clamping shows the downstream effects on systemic blood flow, whereby preload to the LV is reduced, and systemic circulation and perfusion are reduced (thin red arrows). Lung inflation after cord clamping delays the increase in pulmonary blood flow that provides LA return and left LV preload (dashed arrows). The thick red arrow indicates the "steal" of blood flow from the systemic circulation associated with the reversal of the shunt through the PDA from right-to-left to left-to-right, which supplies blood volume when the pulmonary circulation is established. (C) Disruption of umbilical arterial flow as well as umbilical venous flow is shown that occurs with cord clamping. Removing the low-resistance, high-flow placental circulation from the systemic circulation by clamping the umbilical artery increases the systemic vascular resistance, which elevates the carotid artery pressure. The elevated carotid artery pressure, along with reduction in systemic blood flow that results when the umbilical vein is immediately clamped, can increase the risk of IVH in preterm infants.
(D) The model shows the circulatory support of systemic circulation when the umbilical cord is not clamped immediately. When ventilation of the newborn's lungs occurs before umbilical cord clamping, the increased blood flow from the umbilical venous return counterbalances the loss of systemic flow that occurs through the PDA. This provides the preload needed for the left ventricle (LV) that will subsequently be provided by the pulmonary venous return associated with the decrease in pulmonary vascular resistance that occurs in the first 3 minutes after birth. LA, left atrial; LV, left ventricle; PDA, patent ductus arteriosus; RV, right ventricular.
birth contributes to approximately 50% of the increase in pulmonary blood flow. 13 Thus, much of the increased pulmonary blood flow that occurs in the first 3 minutes after birth occurs at the expense of the systemic circulation from the LV through the PDA (►Fig. 1B). Clamping the umbilical cord at birth eliminates umbilical venous return and results in a sudden 30 to 50% decrease in both left and right ventricular preload. 13, 14 Simultaneously, cord clamping increases systemic vascular resistance and afterload by removing the low-resistance, high-flow placental circulation. The decrease in ventricular preload along with the increase in left ventricular afterload after immediate umbilical cord clamping before lung inflation results in a decrease in both left and right ventricular output. This can have deleterious effects on systemic and vital organ perfusion. A recent study in preterm lambs showed that clamping the umbilical cord prior to providing ventilation caused a rapid decrease in both systemic saturation of peripheral oxygen (SpO 2 ) and cerebral regional oxygenation. 15 At the same time, there was a sharp rise in carotid arterial pressure and flow when the umbilical cord was clamped prior to providing ventilation, 15 which is depicted in ►Fig. 1C.
The increase in pulmonary blood flow with lung aeration provides left ventricular preload, replacing the blood flow from the placenta. The increase in pulmonary blood flow is more likely due to the response to increased oxygenation and not due to lung expansion, as studies have shown a marked mismatch in ventilation and perfusion with nonaerated regions, demonstrating a similar increase in blood flow to aerated regions of the lung.
6,9 Polglase and colleagues recently showed that ventilation prior to clamping of the umbilical cord of preterm lambs enhanced systemic and cerebral oxygenation compared with immediate umbilical cord clamping followed by ventilation. 15 Thus, ventilation prior to cord clamping (delayed clamping) can result in more stable hemodynamics by providing the left atrial and left ventricular preload that will replace the blood flow provided by the umbilical vein when the umbilical cord is clamped, thereby reducing the chance of systemic hypotension (►Fig. 1D).
Clinical Studies
Studies in human infants have shown that there is a significant increase in risk of death or need for critical care when cord clamping occurred before onset of spontaneous respiration. 16 It is more physiological to delay cord clamping until the lungs have been inflated. Delayed cord clamping was shown to be associated with increased antioxidant defenses (increased superoxide dismutase and catalase activities) in cord blood, thereby increasing antioxidant capacity and reducing inflammation-mediated pathways that are activated by delivery.
17
Delayed cord clamping in preterm human infants was shown to be associated with higher superior vena cava blood flow and improved right ventricular stroke volume and output. 18 In a quality improvement (QI) audit study, delayed cord clamping in preterm infants was well tolerated with no adverse effects on the need for resuscitation at birth, Apgar scores, admission temperatures, and base deficits compared with preterm infants born after immediate cord clamping (prior to implementation of the practice of delayed cord clamping). 19 These data from laboratory and human studies support the concept that when the newborn is resuscitated using ventilation prior to umbilical cord clamping, the systemic perfusion and blood pressure are maintained and vital organ perfusion is optimal.
Effects of Delayed Cord Clamping on Neonatal Outcomes Term Infants
Studies of delayed umbilical cord clamping in term infants defined late clamping as waiting until umbilical arterial pulsations cease. In a study of term, uncomplicated pregnancies, late cord clamping resulted in higher systolic blood pressures in the first 24 hours after birth, and these infants had a later-onset of spontaneous respiration compared with term infants, in whom the umbilical cord was clamped immediately after delivery. 20 The same group found that infants who had delayed cord clamping also had higher blood volume, urine output, and effective renal blood flow in the first 12 hours after birth.
21
A more recent study, using a randomized controlled study design, compared term, uncomplicated infants with early cord clamping (within 10 seconds of birth) to delayed cord clamping (defined as 3 minutes after birth or after cessation of umbilical arterial pulsation) with a primary outcome of infants' hemoglobin and iron status at 4 months of age. The delayed cord clamping group had higher serum ferritin and less iron deficiency but no difference in respiratory symptoms or need for phototherapy in the newborn period.
22 A follow-up study by this group showed that the infants born after delayed cord clamping had better fine motor function and social development at 4 years of age compared with infants born after immediate cord clamping.
23
A meta-analysis of studies comparing late and early umbilical cord clamping showed that delayed cord clamping increased the relative risk (RR) of polycythemia (defined as hematocrit > 65%) by 3.8-fold at 24 to 48 hours of age. 24 This analysis, however, showed that the RR of anemia at 2 to 3 months of age was reduced by 47% (RR ratio, 0.53) by delayed cord clamping. 24 The RR for clinical jaundice at 24 to 48 hours of age was increased by 35% in neonates who had late cord clamping compared with early cord clamping, but there was no increase in the need for phototherapy. 24 A more recent metaanalysis, however, showed that the RR for jaundice requiring phototherapy was increased in term infants born after delayed cord clamping.
25
Delayed cord clamping does not increase the risk of maternal postpartum hemorrhage, maternal transfusion requirements, need for manual extraction of the placenta, and length of the third stage of labor, and does not decrease maternal hemoglobin. 25, 26 In healthy full-term infants, delayed cord clamping (2 minutes) did not change acidbase status, maternal hematocrit, and hemoglobin, and did not increase the duration of the third stage of labor compared with term infants who had early cord clamping.
27
Therefore, delayed cord clamping in term, uncomplicated pregnancies improves systemic perfusion as evidenced by 
birth, and reduces the risk of iron deficiency anemia in infancy (►Table 1). Iron deficiency anemia is a significant concern, especially in low-resource settings. Preventing or reducing the risk of iron deficiency anemia may have long-term benefits in terms of neurodevelopment. Delayed cord clamping in the term infant slightly increases the need for phototherapy of neonatal jaundice (risk difference of < 2%), and does not increase the risk of maternal postpartum hemorrhage or the duration of the third stage of labor (►Table 1). While delayed cord clamping does increase the risk of neonatal polycythemia without an increase in the need for treatment, there are no data on the long-term outcomes related to delayed cord clamping-associated polycythemia in term infants.
Preterm Infants
A randomized controlled trial of late preterm infants (34) (35) (36) weeks' gestation at birth) found that delayed cord clamping, defined as clamping of the umbilical cord 3 minutes after birth, was associated with higher neonatal hemoglobin at birth and at 10 weeks of age compared with infants with early cord clamping (within 30 seconds after birth). 28 There were no differences in the blood glucose levels, polycythemia or need for phototherapy between the groups. 28 A recently published randomized controlled trial showed that late preterm and term infants born after delayed cord clamping (> 3 minutes) had higher hemoglobin levels and a lower prevalence of iron deficiency anemia at 8 and 12 months of age than infants born after early cord clamping (< 60 seconds). 29 The number needed to treat was 6 to reduce iron deficiency anemia at 8 months of age, and the number needed to treat was 12 to reduce the risk of anemia at 8 and 12 months of age.
29
Preterm infants (30-36 weeks' gestation at birth) randomized to delayed cord clamping (at 1 minute of age) had larger circulating red blood cell (RBC) volume, no difference in hematocrit at birth, but higher hematocrit at 7, 14, 21, and 28 days of age compared with preterm infants randomized to immediate cord clamping within 5 seconds of birth.
30,31
There was no increase in polycythemia or jaundice in the delayed cord clamping groups. 31 Another randomized controlled trial found that preterm infants assigned to delayed cord clamping (30-90 seconds after birth) had significantly higher blood volumes regardless of mode of delivery (cesarean section or vaginal delivery) compared with infants who had immediate cord clamping. 32 Kinmond and colleagues reported that preterm infants randomized to "regulated" cord clamping (delay for 30 seconds with the infant held below the introitus) had higher hematocrits without polycythemia, a lower requirement for blood transfusion, and spent less time on supplemental oxygen compared with preterm infants assigned to "random" cord clamping (within 10 seconds of birth and not held below the introitus).
33
There was no difference in Apgar scores or in admission temperatures between the groups.
Rabe and colleagues found that preterm infants born at fewer than 33 completed weeks of gestation and who were randomized to delayed cord clamping for 45 seconds had significantly higher hemoglobin in the first 28 days of age with a 50% reduction in the need for packed RBC transfusion compared with preterm infants who had delayed cord clamping for 20 seconds. 34 There was no difference between the groups in phlebotomy blood loss.
34
A small pilot study, using a randomized controlled design, in extremely low-birth weight preterm infants (24-32 completed weeks of gestation) showed that delayed cord clamping (30-45 seconds after birth) was safe with no increase in risk of hypothermia, hyperbilirubinemia, and no delay in intubation compared with similar preterm infants who underwent immediate cord clamping. 35 The delayed cord clamping group had a higher initial mean blood pressure, higher initial blood glucose, and less hypoglycemia. 35 A larger trial of preterm infants born at fewer than 32 completed weeks of gestation showed that infants randomized to delayed cord clamping Table 1 Benefits of delayed cord clamping in term and preterm newborn infants
Term newborns Preterm newborns
Higher blood pressure in first 24 hours 20 Higher hemoglobin at birth, 10 weeks of age 29, 41 Higher blood volume in first 12 hours 21 Larger circulating RBC volume at birth 31 Higher urine output in first 12 hours 21 Higher hematocrit at 7 to 28 days of age 31, 32 Higher hemoglobin at 4 months of age 22 Higher blood volume at birth 33 Lower incidence of iron deficiency 22 Higher hematocrit without polycythemia at birth 34 Slight increase in need for phototherapy 25 Less need for blood transfusion 34, 35 No increase in the need to treat polycythemia 24, 25 Less time on supplemental oxygen 34 No increase in maternal morbidity 25, 27 Higher initial mean blood pressure 36 Lower incidence of hypoglycemia 36 Lower incidence of late-onset sepsis 37 Lower incidence of IVH 37, 38 Improved PDI on BSID in male preterm infants (30-45 seconds after birth with the infant held 10 to15 inches below the introitus or incision) had lower incidence of intraventricular hemorrhage (IVH) and late-onset sepsis compared with infants assigned to the immediate cord clamping group. 36 There were no differences in the incidences of necrotizing enterocolitis, bronchopulmonary dysplasia (BPD), or retinopathy of prematurity between the groups. 36 A QI audit of outcomes of preterm infants (< 35 weeks' gestation) found that implementation of the practice of delayed cord clamping (30-60 seconds) was associated with a decrease in the incidence of IVH, an increase in the initial hematocrit of the newborn, and improved admission temperature.
37
Long-term neurodevelopmental outcome at 7 months of age was improved in infants assigned to delayed cord clamping. 38 Infants whose umbilical cords were clamped 30 to 45 seconds after birth had improved psychomotor developmental index (PDI) on Bayley scales of infant development (BSID) testing, an effect seen in male preterm infants but not female preterm infants. 38 A recent study by this group found that delayed cord clamping (30-45 seconds) followed by one cord milking reduced the rates of poor motor performance at 18 to 22 months of age in preterm infants compared with infants whose umbilical cords were immediately clamped after birth.
39
Oh and colleagues reported a randomized controlled trial of preterm infants born at fewer than 28 completed weeks' gestation and found that infants assigned to delayed cord clamping (30-45 seconds) had higher venous hematocrits with no difference in mean arterial blood pressures and no difference in delivery room management and intervention compared with preterm infants who had the umbilical cord clamped immediately after birth.
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In a QI report of a change in obstetrical practice, delayed cord clamping (45 seconds after birth with the infant held 10 to 20 cm below the placenta) was associated with less need for resuscitation in the delivery room and higher hematocrit in very low-birth weight infants (birth weight 401-1,500 g) compared with historical controls who had immediate cord clamping. 41 Delayed cord clamping was associated with higher blood pressure in very low-birth weight infants with no difference in neonatal hyperbilirubinemia or in the need for phototherapy compared with the historical controls.
41
In a prospective cohort study nested within a randomized controlled trial of extremely preterm infants, delayed cord clamping was shown to result in higher superior vena cava (SVC) flow from 6 hours to 4 days of age and higher RV stroke volume and output compared with infants born followed by immediate cord clamping. 18 Improved flow in the SVC may maintain cerebral autoregulation of blood flow, which may be one of the mechanisms by which delayed cord clamping reduces the risk of IVH in preterm infants. Therefore, there are numerous benefits of delayed cord umbilical clamping in the preterm infant as shown in ►Table 1.
Umbilical Cord Milking
Because umbilical cord milking is faster than delayed cord clamping, it alleviates concerns regarding a delay in neonatal resuscitation. In a randomized controlled trial of extremely premature infants (24-28 weeks' gestation), assignment to cord milking was associated with higher 1 minute Apgar scores, decreased need for postnatal transfusion, higher hemoglobin levels, higher blood pressure, and shorter duration of mechanical ventilation and days in supplemental oxygen compared with the group who had immediate umbilical cord clamping. 42 There was no polycythemia in the infants whose umbilical cords were milked and there was no difference in the bilirubin levels between the two groups. 42 A secondary analysis of this study revealed that the infants randomized to cord milking had a reduced need for volume expansion and inotropic support, and had a higher urine output in the first 72 hours after birth compared with the neonates whose umbilical cords were immediately clamped at birth. 43 A retrospective cohort study of infants born at fewer than 29 completed weeks of gestation showed that umbilical cord milking was associated with higher hemoglobin levels, mean arterial blood pressure, lower need for volume expansion, higher urine output in the first 24 hours after birth, higher SVC blood flow, better left ventricular cardiac output, and improved cerebral oxygenation compared with immediate cord clamping.
44
Rabe and colleagues conducted a randomized controlled trial of premature infants born at 24 to 33 weeks' gestation comparing umbilical cord milking and delayed cord clamping (defined as 30 seconds after birth). 45 They found no differences in Apgar scores, admission temperatures, mean arterial blood pressures, hemoglobin levels, need for transfusion, and mortality or morbidity (BPD, necrotizing enterocolitis [NEC], IVH, retinopathy of prematurity [ROP], or sepsis) between the groups.
45
A recent two-center randomized controlled trial of infants born at fewer than 32 weeks of gestation compared umbilical cord milking with delayed cord clamping (defined as clamping of the cord at 45 to 60 seconds after birth) and found that the infants who were delivered by cesarean birth and assigned to umbilical cord milking had higher SVC blood flow and right ventricular output in the first 12 hours after birth.
46 Also, these infants had higher hemoglobin levels at birth, delivery room temperature, and blood pressure in the first 15 hours after birth, and higher urine output in the first 24 hours after birth.
46
A recent systematic review and meta-analysis of the efficacy and safety of umbilical cord milking compared with either immediate or delayed cord clamping found that umbilical cord milking was associated with some benefits without adverse effects. 47 Cord milking significantly decreased the RR of an oxygen requirement at 36 weeks' postmenstrual age as well as a decrease in the risk of IVH.
47
However, there was heterogeneity in that the included studies in this analysis used either immediate or delayed cord clamping as the comparison group. Further studies will be needed to compare delayed cord clamping with cord milking since most of the studies included in this metaanalysis used immediate cord clamping as the control group. There is a theoretical risk of increased IVH in the preterm infant if cord milking is performed before the pulmonary vascular resistance is lowered by lung inflation. In this situation, cord milking will increase preload to the left ventricle without the ability to increase flow to the lungs through the PDA so that carotid flow and pressure would increase pathologically, resulting in an increased risk of IVH.
Systematic Reviews and Meta-analysis of Delayed Cord Clamping
In term newborns, delayed cord clamping improves hemoglobin and hematocrit levels in the first 5 days after birth and in the first 2 to 3 months of age with improved iron status and less anemia at 2 to 3 months of age compared with immediate cord clamping. 24 There is an increase in clinical jaundice in term infants with a small increase in the need for phototherapy when there is a delay in cord clamping (< 2% risk difference). 25 Term infants have a higher risk of polycythemia (hematocrit > 65%) associated with delayed cord clamping, but there is no increase in the need for partial reduction exchange transfusion. 24 Thus, while there are some concerns about the risks for jaundice and polycythemia with delayed cord clamping in term infants, there does not appear to be an increase in the treatment for polycythemia. Delayed cord clamping after term birth is recommended as long as there are capabilities to provide phototherapy, if needed. Delayed cord clamping in the preterm neonate is not harmful as there is no effect on Apgar scores, admission temperatures, need for resuscitation, incidence of respiratory distress syndrome and polycythemia, and severity of hyperbilirubinemia. 48 Placental transfusion from delay in clamping the umbilical cord improves outcomes including higher blood pressures and blood volumes, less need for inotropes, higher hematocrit in the first 24 hours after birth, less need for packed RBC transfusions, and most importantly, reduced risk of IVH and NEC.
48

Conclusion
There is ample evidence in the literature over the last 50 years that delayed umbilical cord clamping in both term and preterm infants is beneficial for short-and long-term outcomes. Recent studies in the laboratory indicate that providing ventilation in the initial steps of neonatal resuscitation prior to clamping of the umbilical cord has a physiologic basis and will result in better outcomes for newborns, especially those born prematurely. The challenge now is to design equipment and strategies that can allow initial resuscitation very close to the mother while the umbilical cord is still intact and attached to the placenta. Pilot studies indicate that this is feasible. 49 While umbilical cord milking may be an alternative, more studies are needed to determine if this approach will yield similar benefits to delayed cord clamping.
